It has been suggested that clec14a may be involved in tumor angiogenesis. However, a molecular mechanism has not been clearly identified. In this study, we show for the first time that C-type lectin-like domain (CTLD) of clec14a may be important for regulating cell migration and filopodia formation. Using phage display technology, recombinant human antibodies specific to the CTLDs of human and mouse clec14a (clec14a-CTLD (immunoglobulin G) IgG) were selected. Functional assays using the antibodies showed that clec14a-CTLD IgGs specifically blocked endothelial cell migration and tube formation without affecting cell viability or activation. Further, clec14a-CTLD IgGs inhibited clec14a-mediated cell-cell contact by blocking interaction between CTLDs. Finally, clec14a cross-linking by the clec14a-CTLD IgGs significantly downregulated clec14a expression on the surface of endothelial cells. These results strongly suggest that the clec14a-CTLD may be a key domain in angiogenesis, and that clec14a-CTLD IgGs specifically inhibit angiogenesis by modulating CTLD-mediated cell interactions and clec14a expression on the surface of endothelial cells.
INTRODUCTION
The rapid recent development of recombinant antibody technology has produced B30 antibodies approved for human therapy, with more than 270 currently in clinical development for a range of diseases. 1, 2 However, conventional antibody selection methods remain time-and labor-intensive and expensive. Traditionally, target protein extracellular regions were used to select antibodies. Consequently, most selected antibodies bind to cells, but are not functional antibodies with therapeutic potential. Owing to recent advances in molecular biology and protein biochemistry, large amounts of information on protein domains and motifs that could link these structures to cell functions are available. Use of a functional domain to select recombinant antibodies may be an effective means of identifying functional antibodies and investigating underlying modes of action.
Tumor angiogenesis has an important role in tumor progression. Vascular endothelial growth factor (VEGF) and epidermal growth factor receptor (EGFR) are key factors in angiogenesis, 3, 4 and targeting angiogenesis is a promising strategy for cancer treatment. The anti-VEGF antibody bevacizumab is used to treat patients with metastatic colorectal cancer, renal cell carcinoma, non-small-cell lung cancer and malignant brain glioma. 5, 6 Cetuximab, an anti-EGFR antibody, may inhibit endothelial cell-cell contact and expression of angiogenic factors, such as VEGF, interleukin-8 and basic fibroblast growth factor (bFGF). [7] [8] [9] [10] However, because of redundancy of tumor-secreted angiogenic factors, including placental growth factor, angiopoietin, bFGF and hepatocyte growth factor, these drugs generate a resistant phenotype in tumors. 11, 12 Identification of new therapeutic targets may provide viable alternatives for treating cancer patients by inhibition of angiogenesis.
Clec14a is a type I transmembrane protein whose extracellular domain consists of a C-type lectin-like domain (CTLD), a series of epidermal growth factor-like domains, and a sushi-like domain. Rho et al. 13 reported that clec14a is endothelial cell-specific and may have a key role in cell-cell contact in angiogenesis. Mura et al. 14 showed that clec14a is critical for regulating pro-angiogenic phenotypes associated with filopodia formation, cell migration and endothelial tube formation, and identified clec14a as a tumor endothelial cell marker not expressed on the endothelium of normal tissues.
In this study, we identified CTLD functions in cell migration and filopodia formation, key events of angiogenesis. Using phage display technology, we selected recombinant human antibodies against human and mouse clec14a-CTLDs. Functional assays showed that the antibodies specifically inhibited endothelial cell migration and tube formation without affecting viability or activation. We proposed a mechanism of action whereby the antibodies may inhibit angiogenesis by modulating CTLD-mediated cell-cell interaction and downregulating clec14a expression on the surface of endothelial cells. In summary, this study uses human clec14a-CTLD immunoglobulin G (IgGs) to validate CTLD functions in endothelial cells and provides the first insights into the potential of CTLD as a therapeutic angiogenic target during cancer progression.
1 RESULTS Clec14a-CTLD may have a key role in cell migration and filopodia formation To elucidate the role of CTLD in clec14a-mediated cell migration, we transfected COS-7 cells with green fluorescent protein (GFP), wild-type clec14a fused to GFP (clec14a-GFP) or a clec14a-CTLD deletion mutant fused to GFP (clec14aDCTLD-GFP) (Figure 1a) . After confirming expression of the transfected plasmids with immunoblot analysis (Figure 1b) , we assayed migration in a wound healing assay 0 and 20 h. after transfection. The extent of migration of cells expressing clec14a-GFP was B1.6-fold greater than that of cells expressing GFP alone. Cells expressing clec14aDCTLD-GFP displayed only minor changes in migration (Figures 1c and d) .
To determine the role of CTLD in filopodia formation in endothelial cells, we transfected human umbilical vein endothelial cells (HUVECs) with GFP, clec14a-GFP, or clec14aDCTLD-GFP and performed immunocytochemistry. Clec14a-GFP significantly increased filopodia formation, whereas GFP and clec14aDCTLD-GFP had minimal effect, suggesting that clec14a-CTLD may contribute to filopodia formation in HUVECs (Figures 2a-c) . We obtained similar results with COS-7 cells overexpressing GFP, clec14a-GFP or clec14aDCTLD-GFP, supporting the notion that clec14a-CTLD is critical for promoting filopodia formation (data not shown).
These results suggest that CTLD may have a crucial role in endothelial cell migration and filopodia formation.
Isolation of CTLD-specific single-chain variable fragments A human synthetic single-chain variable fragments (scFv) library was precleared to remove Fc binders; removal of B90% was confirmed by phage enzyme-linked immunosorbent assay (ELISA; data not shown). The library was alternately biopanned with human (hCTLD-Fc) or mouse (mCTLD-Fc) CTLD fusion proteins, using CTLD-Fc-coated immunotubes and magnetic beads, to isolate clones with cross-species CTLD reactivity ( Figure 3a) ; several were identified only with beads (Figures 3b-d) . Ninety-six phage clones were randomly selected, rescued by helper phage infection, and tested for reactivity to human and mouse CTLDs in phage enzyme immunoassay. Clone DNA was sequenced and four clones, [1] [2] [3] [4] recognizing both human and mouse CTLDs, and with different complementarity-determining-region sequences, were selected (Supplementary Figure 1) . Clec14a-CTLD IgGs specifically recognized human and mouse clec14a-CTLDs The scFv clones were converted to IgG, expressed in human embryonic kidney (HEK) 293F cells and purified. The four IgG clones were shown to be 490% pure by SDS-polyacrylamide gel electrophoresis and Coomassie staining (data not shown). ELISA showed that the purified CTLD-specific IgGs (clec14a-CTLD IgGs) specifically bound both human and mouse CTLD-Fc, and not Fc alone. Clones 1 and 2 showed much greater affinity than 3 and 4 ( Figure 4 ). Clec14a-CTLD IgGs specifically suppressed HUVEC cell migration and tube formation To investigate the inhibitory effect of clec14a-CTLD IgGs on endothelial cell migration, we performed wound healing assays with HUVECs in the absence or presence of clec14a-CTLD IgGs. Cetuximab, an anti-EGFR antibody, was used as control IgG. Of the selected clec14a-CTLD IgGs, clones 1 and 2 significantly suppressed HUVEC cell migration to B44% and 54%, respectively, whereas clones 3 and 4, and cetuximab alone had little effect (Figures 5a and b) .
To determine the effect of clec14a-CTLD IgGs on tube formation, tube formation was assayed in the absence or presence of the clec14a-CTLD IgGs and cetuximab. Clones 1 and 2, and Effect of Clec14a-CTLD IgGs on endothelial cell viability and activation To investigate the effect of clec14a-CTLD IgGs on endothelial cell viability, HUVECs were cultured in the absence or presence of clec14a-CTLD IgGs, cetuximab or 5-fluorouracil (5-FU), an apoptosis inducer, for 2 days, and cell viability was checked using a cell counting kit. The antibodies had little effect on HUVEC viability, whereas 5-FU specifically decreased viability (Figure 6a) .
To exclude the possibility that the antibodies were toxic, HUVECs were cultured in the absence or presence of clec14a-CTLD IgGs (clone 1), stained with rhodamine-phalloidin, and the cell morphology and F-actin structures were observed using confocal microscopy. No morphological changes to indicate cell death in the presence of the antibodies were observed (Figure 6b ).
To further confirm that the effect of clec14a-CTLD IgGs on clec14a-mediated cell viability was not due to antibody toxicity, COS-7 cells overexpressing GFP or clec14a-GFP were cultured in the absence or presence of clec14a-CTLD IgGs (clone 1) for 2 days and cell viability was measured. No changes in the cell viability of COS-7 cells overexpressing GFP or clec14a-GFP were observed in the presence of antibodies (Figure 6c) .
To determine the effect of clec14a-CTLD IgGs on endothelial cell activation, HUVECs were cultured in the absence or presence of clec14a-CTLD IgGs, cetuximab, or human tumor necrosis factor alpha (hTNFa). Activation was determined based on the expression of vascular cell adhesion molecule-1 (VCAM-1) and intercellular CAM-1 (ICAM-1) measured by flow cytometry. Cells were treated with hTNFa that induces upregulation of VCAM-1 and ICAM-1, as a positive control. The antibodies and cetuximab had no effect on HUVEC activation (Figure 6d ), suggesting that clec14a-CTLD IgGs have little effect on endothelial cell viability or activation.
Clec14a-CTLD IgGs specifically inhibited clec14a-mediated cell-cell contact A recent study suggested that clec14a-CTLD is important for endothelial cell-cell contact. 13 To elucidate whether clec14a-CTLD IgGs have an inhibitory effect on endothelial cell-cell contact, the number of cell aggregates, an indicator of clec14a-mediated cell-cell contacts, 13 formed by HEK293F cells transfected with GFP or clec14a-GFP, and grown in the absence or presence of clec14a-CTLD IgGs or cetuximab was determined. The number of cell aggregates was Bfourfold greater in cells expressing clec14a-GFP than in those expressing GFP alone (Figures 7a and b) . Furthermore, clones 1 and 2 substantially suppressed the aggregation of cells transfected with clec14a-GFP, whereas the other clones and cetuximab had little effect.
To exclude the possibility of antibody toxicity in this assay, we measured the cell viability of HEK293F cells transfected with GFP or clec14a-GFP at the same experimental settings detailed in Figures 7a and b. 5-FU was used as a positive control for cell death. As shown in Figure 7c , clec14a-CTLD IgG had little cytotoxicity in cell-cell contact assays.
To further confirm that clec14a-CTLD IgGs specifically inhibited clec14a-mediated endothelial cell-cell contact, we performed a cell ELISA in the presence or absence of clec14a-CTLD IgGs (clone 1) on HUVECs that had been incubated with hCTLD-Fc. clec14a-CTLD IgGs specifically inhibited hCTLD-Fc binding to HUVECs in a concentration-dependent manner. We also noted that Fc alone was virtually unable to bind HUVECs (data not shown). These results suggest that clec14a-CTLD IgGs have an inhibitory role in clec14a-mediated endothelial cell-cell contact.
Clec14a-CTLD IgG specifically blocked clec14a-CTLD-CTLD interactions To better understand the interaction between clec14a-CTLDs, we performed ELISAs on COS-7 cells transfected with GFP, clec 14a-GFP or clec14aDCTLD-GFP. Lysates were incubated with hCTLD-Fc or Fc to observe interactions between CTLDs. Although hCTLD-Fc may interact with other proteins in COS-7 cell lysates, it bound strongly to clec14a-GFP but not to clec14aDCTLD-GFP, suggesting a specific CTLD-CTLD interaction in endothelial cells (Figure 8a ). To determine if clec14a-CTLD IgG blocks CTLD-CTLD interactions, hCTLD-Fc was incubated with increasing concentrations of clec14a-CTLD IgG (clone 1), and the protein complexes were incubated with lysates of GFP-or clec14a-GFP-transfected cells. Competitive ELISA showed that clec14a-CTLD IgG specifically inhibited CTLD-CTLD interactions in a concentration-dependent manner (Figure 8b ), suggesting that clec14a-CTLD IgG may specifically block clec14a-CTLD-CTLD interactions in endothelial cells.
Cross-linking with clec14a-CTLD IgG downregulated clec14a on the surface of HUVECs To investigate a possible role of clec14a-CTLD IgG on downregulating the expression level of clec14a on the surface of HUVECs, we used flow cytometry to compare the level of clec14a expression on HUVEC membranes before and after treatment with clec14a-CTLD IgG (clone 1). IgG treatment significantly reduced clec14a on live, but not paraformaldehyde-fixed, cells (Figure 9a ). 64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95 To confirm downregulation of clec14a on HUVEC membranes by clec14a-CTLD IgG, cells were treated with IgG (clone 1) or Fc, and membrane clec14a was measured by cell ELISA. Clec14a-CTLD IgG downregulated clec14a on HUVEC membranes in a timedependent manner (Figure 9b ). These results strongly suggest that clec14a-CTLD IgG cross-linking of clec14a specifically downregulates clec14a on endothelial cell membranes.
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DISCUSSION
Angiogenesis is a hallmark of cancer. Increasing attention is paid to the mechanisms by which tumors promote new blood vessel formation, 3, 15 and angiogenesis is a promising target for cancer treatment. 5, 6 However, an angiogenic phenotype is complex and results from the coordinated action of many pro-and antiangiogenic molecules. 4 In this study, we developed recombinant human clec14a-CTLD-specific IgGs and evaluated their efficacy and mechanism of action. We propose that clec14a-CTLD may be a key factor in angiogenesis, and clec14a-CTLD-specific antibodies may have therapeutic potential.
Several reports have suggested that clec14a has a key role in angiogenesis. 13, 14 However, the molecular mechanisms underlying this function have not been clearly identified. We suggest that clec14a-CTLD may be a unique domain that regulates angiogenesis in a CTLD-CTLD interaction-dependent manner. First, clec14a-CTLD, particularly amino acids 31-172, had a key role in clec14a-mediated cell migration by regulating filopodia dynamics. Second, consistent with our observation that clec14a-CTLD IgG specifically suppresses clec14a-mediated cell-cell contacts, Rho et al. 13 demonstrated that CTLD is important for endothelial cell-cell contact. Third, clec14a modulation by clec14a-CTLD IgG specifically inhibited HUVEC migration and tube formation. Finally, formation of clec14a-CTLD-CTLD complexes was specifically inhibited by clec14a-CTLD IgG. In this study, we used GFP fusion proteins to elucidate the specific roles of clec14a-CTLD on angiogenic functions in vitro and thus cannot exclude the possibility that the fusion proteins may not have identical activities to those of wild-type clec14a.
The human VEGF antibody bevacizumab is currently used to treat patients with a variety of cancers. 5, 6 However, because the VEGF receptor is also expressed on normal cells, its use is likely to be associated with adverse effects, including hypertension, proteinuria and gastrointestinal perforation. [16] [17] [18] Adverse effects may also limit the therapeutic use of many antibodies against proangiogenic factors, such as VEGF receptor-2 and angiopoietin-2.
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Consequently, identification of cancer-specific targets is critical for developing therapeutic antibodies with fewer adverse effects.
The human antibodies to clec14a-CTLD we developed in this study recognize human and mouse CTLD. Broad cross-species reactivity is critical for use in preclinical studies to gain an understanding of antibody function and mode of action prior to clinical trials. Although real-time interaction analysis with BIA-CORE 2000 indicated that the K D constant for the interaction between clec14a-CTLD IgG (clone 1 and clone 2) and hCTLD-Fc was B1.7 Â 10 À 7 and 6.1 Â 10 À 7 , respectively (data not shown), the clec14a-CTLD IgGs specifically inhibited endothelial cell migration and tube formation without affecting cell viability and activation. Recently, others reported that clec14a is expressed exclusively on endothelial cells 13 and may be a specific tumor endothelial cell marker.
14 Although further optimization such as affinity maturation is needed, it is reasonable to speculate that the clec14a-CTLD antibodies might have fewer adverse effects in normal endothelium, target clec14a expressed exclusively on tumor endothelium and suppress angiogenesis during clec14a-mediated tumor progression.
Bevacizumab is a therapeutic antibody 9, 11, 18 that suppresses angiogenesis by inhibiting interaction between soluble VEGF and its receptors. However, long-term use of bevacizumab generates a resistant tumor phenotype due to redundancy of tumor cellsecreted pro-angiogenic growth factors. 11, 12 This may pose the greatest challenge to using antibodies against soluble growth factors in patients requiring long-term therapy. Clec14a is a type I transmembrane protein critical for endothelial cell-cell contact 13 with a different mechanism of action than bevacizumab. The clec14a-CTLD IgG developed in this study appears to have dual mechanisms of action to suppress angiogenic properties in vitro. It specifically blocked CTLD-CTLD interaction in a concentrationdependent manner and clec14a cross-linking by IgG induced clec14a downregulation on endothelial cell membranes. Within 2 h of cross-linking, clec14a-CTLD IgG appeared in a dot-like pattern inside HUVECs (data not shown), suggesting antibodyinduced endocytosis. Although this study focused on identifying the mechanisms underlying clec14a-CTLD IgG as a blockade of clec14a in angiogenesis, we cannot exclude the possibility that endogenous clec14a ligands exist and other CTLD-binding partners may be involved in clec14a-mediated angiogenesis.
On the basis of the currently available evidence, we propose a mode of action for clec14a-CTLD in endothelial cells during angiogenesis. The clec14a-CTLD domain is critical for regulation of filopodia dynamics in migrating endothelial cells and contributes to endothelial cell-cell contact via CTLD-CTLD interaction. Furthermore, clec14a-CTLD IgGs specifically inhibit pro-angiogenic activities such as endothelial cell migration, cell-cell contact and tube formation by simultaneously blocking CTLD-CTLD interaction and inducing clec14a downregulation on the surface of endothelial cells. Although the current study is based on in vitro results, in near future we plan to test this hypothesis by examining the in vivo functional relevance of clec14a-CTLD using optimized clec14a-CTLD IgGs. under a light microscope (Nikon TS 100, Melville, NY, USA), and distance migrated was measured manually.
MATERIALS AND METHODS
Immunocytochemistry
Immunocytochemistry was performed as described previously. 22 To measure filopodia formation, HUVECs were grown on collagen-coated coverslips for 1 day and transfected with GFP, clec14a-GFP or clec14aDCTLD-GFP. To measure cell morphology, HUVECs were incubated in the absence or presence of 20 mg/ml clec14a-CTLD IgG (clone 1) for 1 day. Following fixation with 4% (w/v) paraformaldehyde for 30 min at 37 1C, cells were washed twice with PBS and blocked by incubation in PBS containing 5% (w/v) bovine serum albumin (BSA) and 0.1% Triton X-100 for 1 h at 37 1C. Cells were incubated with 0.1 unit/well rhodamine-phalloidin and/or 2 mg/ml Hoechst for 1 h, and viewed under a confocal microscope (Olympus LX80 FV300, Olympus, Tokyo, Japan).
Construction and preparation of human and mouse CTLD Fc fusion proteins DNA encoding amino acid residues 31-172 of hCTLD was amplified using primers 5 0 -TCGCGCGGCCGCTGCTCGGCCTCGGGGGCCTGC-3 0 and 5 0 -TCGCCTCGAGC TTGCACAGGTAGCCGTTGG-3 0 . DNA encoding the same residues of mCTLD was amplified using primers 5 0 -TCGCGGCC CAGGCGGCCTGTTCGGCCTCGGGG GCTTG-3 0 and 5 0 -TCGCGGCCGGCCTGG CCCTTGCATAGGTAGCCATCGG-3 0 . PCR fragments were digested with SfiI (NEB, Ipswich, MA, USA) and cloned into the modified mammalian expression vector pCEP4 (Invitrogen) encoding the hinge and CH2-CH3 domain of human IgG1 in the 3 0 region of the cloning site. Ligated products were transformed into competent Escherichia coli DH5a cells and plasmid DNA was prepared.
23 HEK293F cells (6 Â 10 8 cells) were transfected with 0.75 mg DNA each using 1.5 mg polyethylenimine (Polysciences, Inc., Warrington, PA, USA). After 7 days in culture, culture medium was collected and fusion proteins purified by affinity chromatography on protein A Sepharose (RepliGen, Waltham, MA, USA). 24 Protein concentration was quantified using a NanoDrop spectrophotometer (Thermo, Wilmington, DE, USA). Samples were dialyzed against PBS and analyzed by SDS-polyacrylamide gel electrophoresis and Coomassie brilliant blue staining. 25 Aliquots of the final pooled fraction were stored at À 80 1C.
Preclearing of human synthetic scFv library
A human synthetic scFv library was re-amplified. 26 To preclear Fc binders, human immunoglobulin-G (Green Cross Corp., Yong-in, South Korea) was immobilized on protein A Sepharose and the antibody-protein A complexes were incubated with the library at 37 1C for 2 h. Following brief centrifugation, the supernatant was collected and the pellet discarded, and this procedure was repeated twice.
Selection of CTLD-specific scFvs using phage display Three rounds of biopanning were carried out with immunotubes (Immunotube maxisorp, Nunc, Rochester, NY, USA) or magnetic beads (Dynabeads M-270 epoxy, Invitrogen) coated with 4 mg recombinant hCTLD-Fc or mCTLD-Fc to select clones with cross-species reactivity, as described previously. 26, 27 Ninety-six phage clones were randomly selected from colonies grown on output plates and tested for reactivity to human and mouse CTLDs by phage enzyme immunoassay. 28 DNA of the final scFv clones was sequenced and classified as four scFv clones with different complementarity-determining-region sequences.
Preparation of clec14a-CTLD IgG
The variable heavy chain gene of selected scFv clones (clones 1-4) was amplified using the primers 5 0 -CGGGAATTCGCCGCCACCATGGAATGG AGCTGGGTCTTTCTCTTCTTCCTGCTGTCAGTAACTACAGGTGTCCTCTCCGAGGT GCAGCTGTTGGAGTCTG-3 0 and 5 0 -GGCGGGCCCTTG GTGGAGGCTGAGCT CACGGTGACCAGTGCCCTTGGCCCC-3 0 . The variable light chain gene of the clones was amplified using the primers 5 0 -CCCAAGCTTGCCGCCACCATGGA GACACATTCTCAGGTCTTTGTATACATGTTGCT GTGGTTGTCTGGTGTTGAAGGA CCAGTCTGTGCTGACTCAGCC-3 0 and 5 0 -GGCCGTACGTAGGACCGTCAGCTTG GTGCCTCCGCCTAAGACATAACCACC-3 0 . The variable heavy chain primers were designed to add EcoRI and ApaI restriction sites to both the 5 0 and 3 0 ends. The variable light chain primers were designed to add HindIII and BsiWI sites to both the 5 0 and 3 0 ends. PCR fragments were digested with the appropriate restriction enzymes (NEB) and cloned into the bicistronic mammalian expression vector pCDNA3.1 (Invitrogen), encoding the hinge and CH2-CH3 domain of human IgG1 3 0 of the variable heavy chain cloning site.
23 Clec14a-CTLD IgG was produced and purified as described previously. 
Tube formation
Tube formation assays were performed as described previously 13 and counted manually. Briefly, 250 ml Matrigel (BD Biosciences) was added to 24-well plates and allowed to polymerize for 20 min at 37 1C. HUVECs cultured in endothelial growth medium-2 were harvested, resuspended in endothelial growth medium-2 and seeded onto the Matrigel (1 Â 10 5 cells/ well). Cultures were incubated in the absence or presence of 20 mg/ml clec14a-CTLD IgGs or cetuximab at 37 1C and photographed at 21 h.
Cell viability assay
HUVECs (10 4 ) were seeded in 96-well plates and incubated with 20 mg/ml clec14a-CTLD IgGs, cetuximab, or 5-FU (Sigma) for 2 days at 37 1C. 
